The crystal structure of hemoglobin has been known to moderate resolution for several decades, yet various features of the molecule remain unexplained or controversial.
INTRODUCTION
Hemoglobin (Hb), the oxygen-carrying protein of the blood, is the most thoroughly studied protein, with a research literature dating back well over 100 years. In 1904, Bohr discovered that the oxygen affinity of human Hb is depressed by the presence proposed that a serine residue in the fish Hbs, which is cysteine in human Hb, serves to strengthen the salt bridge formed by the C terminal residue of the β chains in the T state.
The Asp 94β residue of HbA is also changed to glutamate in Root effect Hbs, which was taken as evidence of a stronger salt bridge with the histidine. This hypothesis was supported by the finding that the pH dependence of carp Hb is significantly weakened by chemical removal of the C terminal histidine of the β chains (19) . A final proof of the involvement of this group of residues must involve transplanting the Root effect into another Hb however, and all attempts to do so have so far failed. Moreover, crystal structures of Hb from the Antarctic fish Trematomus bernacchii (formerly Pagothenia bernacchii, also known as "emerald rockcod") in both the deoxy and carbonmonoxy forms show the C terminal histidine to be free of contacts with any other residues of the protein (20, 21) . Sequence alignments of fish Hbs give no other clue to the location of the groups changing pKa with Hb conformation; histidine residues in particular show no particular pattern indicative of the Root effect. Trout Hb I has almost no heterotropic interactions of any kind, and has lost a total of 11 histidines per αβ dimer compared to human HbA, including all the histidines except the proximal and distal histidines in the β subunits (22) . An alternative proposal for the basis of the Root effect was made on examination of the structure of carbonmonoxyHb from Leiostomus xanthurus ("spot") (23) . It was suggested that the effect arises from the repulsion of positively charged residues destabilising the R state at low pH. This hypothesis is disproved however by the finding that another Hb (from Trematomus newnesi) with almost no pH dependence has the same cluster of residues (24) . In fact the Hbs from Trematomus newnesi and Trematomus bernacchii differ at only 14 positions, which should make it trivial to locate the residues involved by mutagenesis. So far however this has not proved possible (SU, unpublished results).
Part of the problem in discussing the Root effect is the conceptual framework within which Hb has usually been modeled. From the 1970s, the lowering of Hb oxygen affinity by heterotropic ligands such as chloride ions and DPG (2,3 diphosphoglycerate) has generally been explained by a shift in the equilibrium between the R and T forms.
Thus mutants of human Hb such as Hb Kansas (Asn 102β -> Thr), in which the R state is destabilised, show non-cooperative oxygen binding, and this has been attributed to a failure of the protein to undergo the allosteric transition to the R state (25) . These assumptions have not withstood recent re-examination. Tsuneshige and Yonetani have shown by a variety of biophysical techniques that, although allosteric effectors do shift the T-R equilibrium toward T, this effect has been "excessively overestimated" (26) .
Furthermore, IHP (inositol hexaphosphate) and BZF (bezafibrate), both compounds known to lower strongly oxygen affinity, are found to bind to the R state and to stabilize the αβ dimeric form of Hb, which is generally considered to show only a high affinity (27) . The crystal structure of horse Hb bound to BZF is found to be in the R state (28) .
In the case of Root effect Hbs, it has been postulated that low pH prevents transition to the R state, causing the low oxygen affinity. Yet even if every molecule were forced into a fixed affinity T state, the oxygen affinity would not be predicted to drop as low as observations show; even exposed to air the protein is significantly unliganded at low pH, forcing experimenters to use the high affinity ligand carbon monoxide to achieve high saturation levels of Root effect Hbs under these conditions (29) . Taken together, these results suggest a much greater range of ligand affinity is possible within each allosteric state than has been previously thought. Cooperativity within the T state has been suggested by detailed X-ray crystallographic studies of deoxy human Hb exposed to oxygen (30) , but this proposal has not met universal support (31) . Nevertheless, in attempting to understand how the oxygen affinity of Hb may be controlled, it is important to consider both the allosteric equilibrium between the R and T conformations, and how the affinity of these conformations themselves may be changed.
We have determined the sequences of tuna α and β globins, measured the oxygen equilibrium curve for tuna Hb under various conditions, and determined the crystal structures of the protein in the deoxy form at pH 5 and 7.5, and in the carbonmonoxy form at pH 8. Differences between these three models indicate groups of residues which may contribute to changes in oxygen affinity both by stabilizing the T state, and by weakening oxygen binding to the T state.
EXPERIMENTAL PROCEDURES

Preparation of Tuna Hb
Living tuna were obtained from Kinki University, Wakayama, Japan. Blood was collected from the main vein using a heparinized syringe. The erythrocytes were washed three times in cold saline and lysed with distilled water. Cell debris was removed by centrifugation at 8000g for an hour. The supernatant was applied to Sephadex G-25 column equilibrated with 5 mM Tris-HCl pH 7.5, and then deionized by passage through Amberlite MB-3. The protein was then re-passed through a Sephadex G-25 column equilibrated with 5 mM Tris-HCl pH 7.5.
cDNA sequence analysis cDNA for the α and β globin genes of tuna Hb was prepared by the method of Suzuki and Nishikawa (32) and sequenced by standard protocols. The N-terminal aminoacid sequences of the α and β chains were determined with an automated protein sequencer (Model 476A, Applied BioSystems). The nucleotide-sequence data reported in this paper will appear in the DDBL/EMBL/Genbank nucleotide sequence databases with the accession numbers AB093569 (α chain) and AB093568 (β chain).
Oxygen equilibrium measurement
Oxygen equilibrium curves were measured using the method of Imai (33, 34) .
Measurement conditions were 60 µM protein in 50 mM Tris or 50 mM bis-Tris containing 100 mM chloride at 25°C. The pH value was adjusted with concentrated NaOH. 2 mM IHP or ATP was used as an organic phosphate effector. Deoxygenation curves were used to determine the p 50 (partial pressure of oxygen at half-saturation) and Hill coefficient (n max , the maximum slope of the Hill plot).
Crystallization and Data Collection
Both deoxy and CO crystals were grown at 20°C by batch crystallization under an atmosphere of nitrogen or carbon monoxide, respectively, using screw-top vials. CO-Hb 
Structure Determination and Refinement
The tuna HbCO structure was solved by molecular replacement using the program MOLREP (36, 37) . The search model used was the Pagothenia bernacchii HbCO structure (21) . The initial solution gave a correlation coefficient of 0.571 and an R-factor of 0.416 for the data between 10 -4 Å resolution. The refined CO dimer was used as a search model for the deoxy structure at pH 7.5, and the refined model for this was used in turn to solve the deoxy structure at pH 5.0. Initial refinement was carried out using the simulated annealing protocol of X-PLOR 3.851 (38) . Manual rebuilding was carried out with the program TURBO-FRODO (39). Water molecules were included in the model at geometrically appropriate locations where the electron density was greater than 3σ in FoFc maps and 1.3σ in 2Fo-Fc maps. These models were further refined with REFMAC (40). Data collection and refinement statistics are shown in Table 1 . All three models have been deposited in the Protein Databank with structure codes 1V4X (deoxy pH 5.0), 1V4W (deoxy pH 7.5) and 1V4U (carbonmonoxy pH 8.0).
RESULTS
The amino acid sequences of tuna α and β globins are shown aligned with equivalent human sequences in Figure 1 . Tuna Hb was crystallized in the deoxy form using the batch method, reproducibly giving crystals of high quality at both pH 5 and pH 7.5. Data collection showed that under these different conditions the protein gives crystals in space groups P2 1 and P2 1 2 1 2 1 Table 2 ) show the profound drop in oxygen affinity as the pH falls from 8.4 to 6.4. Under the most acid set of conditions used, the cooperativity becomes negative, so that the slope of the Hill plot falls below one.
Instead of the n max value, the n 50 value is reported instead. Even at pH 7.4, the cooperativity is rather low compared to HbA, which has n max close to 3. Cooperativity is marginally increased by the presence of the allosteric effectors IHP and ATP, which have similar abilities to reduce oxygen affinity.
Overall structure
Overall the models show strong similarity to human Hb, but with a number of key differences. A sequence alignment with human Hb, showing the secondary structure, is shown in Fig 1. The secondary structure assignment program DSSP gives very similar results with tuna Hb to human Hb; in both cases it does not consider the "C helix" to be a true α-helical structure, although this nomenclature has persisted in over 30 years of Hb research. The α chain has an extra acetylated threonine residue at the N terminus, and a single residue insertion at proline 48, giving it 143 residues compared to 141 in human α-globin. The latter position, around the CE corner of the α chains, is where the Cα traces of the two proteins most diverge. Most internal amino acid replacements between HbA and tuna Hb are conservative; the pattern of surface charges is rather different, reflecting the probable role of these residues in maintaining protein solubility. The heme pockets of the tuna protein closely resemble those of HbA. The distal valine and histidine residues are preserved, and no mutation close to the hemes has any structurally apparent role in the Root effect (Fig 3) . The largest change near the hemes appears to be Ala 63α in HbA -> Met 65α (in tuna Hb). This residue is on the E helix but facing away from the heme; it presses against Trp 15α in the A helix of the same chain, but is compensated by two more changes, Tyr 24α -> Ile and Thr67α -> Ala.
As well as the overall tertiary structure, the quaternary structure and allosteric change are well preserved in tuna Hb. Using the program ESCET (41), we have determined a set of Cα atoms within the αβ dimer which appears relatively invariant on ligation, and which appears to provide a better framework for structural analysis than the widely used "BGH frame" (42) . In the case of tuna Hb, the residues selected were: α 5-10, 13-36, 52-59, 106-119 and β 110-117, 122-140. We have found similar results with recent high-resolution structures of human Hb (manuscript in preparation). Contrary to the BGH frame therefore, the most rigid atoms are found in different regions of the α and β subunits. Using the 84 Cα atoms for this "tuna escet" frame gives rms differences 0.296 Å between the deoxy pH5 structure and the tuna HbCO structure, less than half the value (0.670 Å) found using the BGH frame, which uses only 78 atoms. Using this frame of reference, the two αβ dimers undergo a rotation of 13.3° relative to each other on switching from the deoxy to the CO form, almost exactly the same angle found with human Hb.
Allosteric mechanism
The key residues in switching from the deoxy structure to the liganded structure, identified in HbA by Perutz (16) and Baldwin and Chothia (42) , are unaltered in tuna Hb (Fig 4) . The changes which occur on ligation of deoxy human HbA have been more precisely detailed by Paoli and colleagues (30, 43) way. The mechanism of heme-heme interaction is also preserved. In the case of the α subunits, Tyr 142α is squeezed from the pocket it occupies in the T conformation, close to the proximal histidine, between Ala 90α and Pro 97α. As this histidine moves closer to the heme on oxygen binding, the tyrosine is pushed away, against Trp 37β 2 . The β heme tilts and slides within its pocket on oxygen binding, pressing against Asn 102β, and indirectly on Asp 99β. Tuna Hb therefore lowers its oxygen affinity using similar mechanisms to HbA, but must also be able to lower its affinity within the T state as well as by switching quaternary state.
Heterotropic ligands
HbA binds to a variety of heterotropic ligands which modify the oxygen affinity. 
Hydrogen ion binding sites
Comparison of the three tuna Hb structures presented here shows clear evidence of novel proton binding sites not found in HbA. The most dramatic change between the two T state models is found at the distal histidine of one α subunit (Fig 5) . At pH 5, this histidine (60α) swings out of the heme pocket and replaces His 46α as hydrogen bonding partner with a propionate group of the heme. This large movement causes a significant rearrangement around Trp 47 of the same chain. Crystal contacts appear to block this change in the other α subunit, suggesting that in solution the distal histidine of the α subunits is largely hydrogen bonded to the heme. Removal of the distal histidine from the heme pocket will significantly reduce the α subunit affinity for oxygen, but not carbon monoxide (49) . The affinity for the first oxygen molecule (K 1 ) changes rather little between pH 7.4 and pH 6.4 however (Fig. 2) , and rapid oxidation makes it difficult to measure the oxygen binding at lower pH. The movement of the distal histidine may be associated with this increased rate of autooxidation (50) . No such structural change has been observed in human Hb, which has a single phenylalanine residue in place of Trp 47 and Pro 48 in the α chain of tuna Hb (Fig. 1) . Possibly the tryptophan residue stabilises the protonated histidine in its external position.
A novel salt bridge is found between His 69β and Asp 72β in the T state structures at pH 5 and 7.5 (Fig 6) . This is broken in the R state structure, releasing up to two protons per tetramer. Examination of the three tuna Hb structures shows that in the however, the E helix is deformed by the large movement of the heme within the β heme pocket on deligation. Leu 71β and Tyr 85β lie close to the edge of the heme (in the E and F helices respectively) and are moved by it, so that in the T state the phenoxyl group of Tyr 85β is interposed between, and hydrogen bonds to, the carbonyl oxygen of Gly 70β and the nitrogen of Ala 74β. In the R state these latter two atoms form a hydrogen bond to each other, as expected in an α helix. Movement of the β heme on ligation pulls Asp 72β away from His 69β, breaking the salt bridge between them. The loss or binding of protons by His 69β therefore appears to be dependent on tertiary structural changes directly linked to the presence of ligand bound to the heme, and probably accounts for the known strong pH dependence of isolated tuna β chains (DTBS, unpublished data). A similar interaction is seen in trout Hb I, which has almost no heterotropic interactions (22) . In deoxy trout Hb I (PDB code 1OUT), Tyr 85β inserts into the E helix as described above; in the carbonmonoxy form it does not (PDB code 1OUU). Trout Hb I has three of the four residues apparently required for this novel proton binding site, Leu 71β, Asp 72β and Tyr 85β, but has glycine instead of histidine at position 69β. Human
HbA has mutations at each of the residues involved in this interaction. The equivalent of Tyr 85β is phenylalanine, which cannot insert itself into the hydrogen bonding network of an α helix, the histidine and aspartate are mutated to glycine and serine respectively, and residue 71β is phenylalanine (Fig 1) . In attempting to introduce the Root effect into HbA, Luisi and Nagai found the mutants they created had very high oxygen affinity (51) .
As suggested from the structures of trout Hb I (22), the interaction of Tyr 85β with the E helix of the same chain may have a role in stabilising the T state and lowering oxygen affinity, thus compensating for other amino acid changes which tend to raise it.
Additional proton binding to the T state occurs through a pair of carboxyl groups, Asp 96α 1 and Asp 101β 2 . These share a proton in the T state which is lost in the R state as the two αβ dimers rotate, pulling the carboxyl side chains apart. A similar interaction was found by Ito and colleagues in T. bernacchii Hb, between Asp 95α 1 and Asp101β 2 , which they suggested could be responsible for up to half of the Root effect (20) .
Comparing the structure of deoxy T. bernacchii Hb (PDB code 1HBH) with our structures and HbA it appears that Val 96α in HbA pushes the two carboxyl side-chains apart and prevents interaction between them in the T state. This residue is Ala 97α in T.
bernacchii Hb, and Ser 98α in tuna Hb. (Note that tuna α globin has two more residues than human α globin, and one more than T. bernacchii α globin). The alanine cannot form hydrogen bonds through its side-chain, but Ser 98α of the tuna protein does hydrogen bond to both Asp 96α 1 (52). Nevertheless, the three proton binding sites described above appear able to account for the Root effect of tuna Hb. Only the last site, Asp 96α 1 and Asp 101β 2 , is directly linked to the allosteric switch from R to T state.
Examining the C terminus of the β chains, it is clear that no salt bridge is formed by His 146β with any other group on the protein (Fig 7) , in contrast to the suggestion by Perutz (18, 53) . The cysteine to serine mutation at position 93β seems to prevent this interaction rather than strengthen it. Clearly it is evolutionarily important to optimise the Root effect rather than maximise it, and this does not require a very large change in proton binding on switching between quaternary structures. Since the functional studies of carp Hb reported some years ago do support a role for the β chain C terminal histidine (19) it must be concluded that "the" Root effect is indeed a functional property which may be brought about through different mutations. This raises the possibility of engineering Hb to show even more extreme pH dependence than naturally occurring Root effect Hbs.
Bluefin tuna (Thunnus thynnus) are known to thermoregulate (54) , and retain very efficiently the heat generated in their muscles. In the case of bluefin tuna Hb, a drop in temperature increases oxygen affinity at low saturation, and decreases it at high saturation (55) . Further experiments are required to find the residues responsible for this control of the enthalpy of oxygenation. Kinetic experiments with bluefin tuna Hb confirmed the protein remains in a T conformation at low pH, but multiple T state conformations were suggested by the presence of three kinetic components (56). Morris and colleagues suggested on the basis of the very slow conversion of one T component to another (much slower than the R-T transition of human Hb) that the different T structures may "differ widely". Additional work is required before the structures described in this paper can be fully reconciled with the kinetic data published to date.
DISCUSSION
In his ground-breaking study of Hb evolution, Perutz used the known structures of human Hb in the liganded and unliganded forms to great effect in explaining the functional properties of a variety of animal Hbs, including high-flying birds, crocodiles, cows and fish (53) . Twenty years later, in the light of independent studies on these Hbs, it is evident that many of these plausible conjectures are unfounded. In the case of birds, comparison between bar-headed and greylag geese Hbs showed only four mutations. 
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